A multi-channel seismic reflection (MCS) survey was conducted to investigate the tectonic structure off Niigata, which caused the 2007 Niigata-ken Chuetsu-oki earthquake, using the research vessel (R/V) KAIREI of the Japan Agency for Marine-Earth Science and Technology. Based on the results of data processing and interpretation of available data, three areas are identified according to seismic characteristics. The most deformed area is located on the continental shelf near the source region of the 2007 Niigata-ken Chuetsu-oki earthquake, i.e., the area east of the Yoneyama-Ogi Uplifts. A remarkable growth of folds, including fault-related folds, and a strong reflector dipping east is identifiable by localized strain concentrations. The second area is located between the Yoneyama-Ogi Uplifts and the Jouetsu Knoll in the Toyama Trough. Although the deformation of deposits in the second area was smaller than in the first area, folds are identified. The third area is located toward the west of the Jouetsu Knoll in the Toyama Trough. No significant deformed structures developed in this area. Based on the interpretation of stratigraphy obtained in previous studies, seismic characteristics, and well data, the development of an anticline was initiated by a compression field after about 3.6 Ma. In particular, the deformation of sedimentary layers by the compression field occurred rapidly after about 1.3 Ma. Folds have grown larger toward the east after about 1.3 Ma. In addition, subsidence of about 0.2 s in sedimentary layers can be seen at the western margin of the Yoneyama-Ogi Uplifts, suggesting that tectonic movement related to reverse faulting has advanced there very recently. From aftershock distribution on a depth section on line S-2 near the hypocentral region, most hypocenters were determined to be below the strong reflector. This result suggests that fold growth has accompanied past large earthquakes, such as the 2007 Niigata-ken Chuetsu-oki earthquake.
Introduction
On July 16, 2007, the 2007 Niigata-ken Chuetsu-oki earthquake with M J (JMA magnitude) 6.8 occurred off Niigata, Japan (The Headquarters for Earthquake Research Promotion, 2007) . Earthquakes have occurred earlier along the eastern margin and caused great damage, these include the 1964 Niigata earthquake (M J 7.5, (a) in Fig. 1 ), 1983 Nihonkai-Chubu earthquake (M J 7.7, (b) in Fig. 1 ), 1993 Hokkaido-Nansei-Oki earthquake (M J 7.8, (c) in Fig. 1 ), and 2004 Mid-Niigata Prefecture earthquake (M J 6.8, (d) in Fig. 1 ) (The Headquarters for Earthquake Research Promotion, 2007) . Furthermore, Sagiya (2004) proposed that a large strain concentration, identified along the eastern margin of the Japan Sea coast and in the Niigata-Kobe Tectonic Zone (NKTZ) using continuous GPS observation, has produced repeated large historical earthquakes and developed an active fault belt. The 2007 Niigata-ken Chuetsuoki earthquake, which was located in the NKTZ, was one Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. such earthquake.
In this paper, we describe the structural characteristics of the deformed zone around the 2007 Niigata-ken Chuetsuoki earthquake based on seismic reflection imaging, an interpretation of existing information, and a comparison with the aftershock distribution.
Data Acquisition and Processing
In August 2007, we conducted a multi-channel seismic reflection (MCS) survey around the 2007 Niigata-ken Chuetsu-oki earthquake using the R/V KAIREI of the Japan Agency for Marine-Earth Science and Technology. MCS data were acquired along three lines (Lines S-l, S-2, and S-3) with a total length of approximately 190 km (Fig. 1) . Survey lines could not directly cover the source region and made many turns to avoid the many fishing operations present in the survey area. These lines crossed the margins of the NKTZ and the contraction deformation zones around the eastern margin of the Japan Sea (Okamura et al., 2007) . We shot an airgun array with a spacing of 50 m. This array has a total capacity of 12,000 cubic inches (about 200 liters; eight airguns with a capacity of 1,500 cubic inches each). (Sagiya, 2004) . Dotted area shows the contraction deformation zones based on geological studies around the eastern margin of the Japan Sea (Okamura et al., 2007) . Broken blue circle is the Niigata-Shinetsu Basin (Takano, 2002) .
The standard air pressure was 2,000 psi (about 14 MPa). During the shooting, we towed a 204-channel hydrophone streamer cable with a 5200-m maximum offset, and the group interval was 25 m. The towing depth of the streamer cable was maintained at 15 m below the sea surface using depth controllers. The sampling rate was 4 ms, and the recording length was 13.5 s.
For data processing, we applied format conversion, trace header edit, trace edit, common midpoint (CMP) binning with an interval of 12.5 m, a bandpass filter (3-125 Hz), datum correction, amplitude compensation by T**2 (T is two-way travel time), an F-K filter, minimum phase conversion processing, predictive deconvolution, dip moveout processing, a radon filter for multiple suppression, velocity analysis with an interval of 1.25 km (100 CMPs), normal moveout correction, mute, a CMP stack, F-X deconvolution, a bandpass filter (4-50 Hz), poststack Kirchhoff time migration, automatic gain control, and depth conversion. Figure 2 shows the time-migrated seismic and depth sections obtained in this study. We divided the study region into three areas according to seismic characteristics identified in these sections.
Interpretation and Discussion
The first area (red arrows in Fig. 2 ) is located on the continental shelf near the source region of the 2007 Niigataken Chuetsu-oki earthquake (CMP 1-1500 on Line S-l, CMP 7000-8000 on Line S-2, CMP 1800-2800 on Line S-3 in Fig. 2) , which is the region toward the east of the Yoneyama-Ogi Uplifts. Deformation in deposits was the largest in this area. Asymmetrical folds and fault-related folds were formed in the deposits, and anticlines near the source region were present in CMP 7100, 7350, and 7900 (green arrows in Fig. 3 ). Reflectors between anticlines were broken, and parts of the synclines were lost (CMP 7250, 7700; purple arrows in Fig. 3) . In contrast, a strong reflector dipping east below these folds, which were located from CMP 7000 to 8000, was identified lower than about 3.5-5 s (orange arrows in Figs. 2 and 3) .
The second area (blue arrows in Fig. 2 ) is located in the eastern part of the Toyama Trough (CMP 1600-4400 on Line S-l, CMP 3800-6600 on Line S-2, CMP1-1800 on Line S-3 in Fig. 2 ). Although the amount of shortening deformation in the second area was smaller than that in the first area, clear folds without fault-related folds were identified. To investigate the details of the geological structure, we interpreted data based on previous studies of stratigraphy, seismic characteristics, and well data (Japan National Oil Corporation, 2002; Muramoto et al., 2007) . A total of eight major seismic units (from A to H, Fig. 2 ) were specified by tracking the horizons dividing these units based on MCS and well data (gray lines and crosses in Fig. 1) . Vari- ation in the thickness of Unit G with an unconformity is larger than those of Units C-F, which are composed of similar folds. Variation in the thickness of Units A and B is larger than that of the lower units, and that of Unit A is particularly remarkable. Approximate ages estimated by Japan National Oil Corporation (2002) and Muramoto et al. (2007) Formation (13-8.5 Ma); G: the Nanatani Formation (15-13 Ma); H: the Green-tuff Formation and acoustic basement (before 15 Ma). Tectonic history regarding these ages is discussed later in this section. The third area (green arrows in Fig. 2 ) is located in the western part of the Toyama Trough (CMP 2400-3800 on Line S-2, CMP 1800-2800 on Line S-3 in Fig. 2 ). Variation in the thickness of Units A-G was less than that in other areas. In addition, no significant deformed structures developed in the third area. Reflectors of erosional unconformity along the Toyama deep sea channel were found at travel times of approximately 0.2-1.0 s in the western part of the Toyama Trough.
The amount of deformation identified in deposits increased toward the east. To enable an assessment of this growth, we performed horizon flattening analysis to detect thickness variations in each layer. Figure 2 shows an example of the flattening of the boundary between Units B and C along Line S-2. The total thickness of Units A and B at the western foot of the Yoneyama-Ogi Uplifts is greater than that of the other regions within the Toyama Trough, suggesting that folds began to develop after the formation ages of Unit C. Similar characteristics of the fold can be seen not only at the western foot of the Yoneyama-Ogi Uplifts but also at the eastern margin of the Joetsu Knoll. In addition, subsidence of sedimentary layers of approximately 0.2 s can be seen at the western foot of the Yoneyama-Ogi uplifts, suggesting that very recent tectonic movement related to a reverse fault dipping eastward has advanced there. Variation in the thickness of Unit A is much greater than that of Unit B. Our results suggest that the deformation started after the formation ages of Unit C and that the development of the fold was accelerated after the formation of Unit B. Based on a comparison of the tectonic history of the tectonostratigraphic units in the Niigata-Shinetsu basin on the land next to the basin (Takano, 2002) with the seismic interpretation in this study, Units B-C correspond to the tectonic inversion and incipient compression stage (6.5-1 Ma). In this stage, tectonic subsidence, which had occurred up to 6.5 Ma, stopped, and the accumulation rate increased again. In addition, the sedimentation configuration of this stage was strongly affected by syndepositional folding due to the compressional stress field. Local variation in the thickness of Units B-C suggests an effect on syndepositional folding due to the compressional stress field. Moreover, Unit A corresponds to the intense compression stage (1 Ma-present; Takano, 2002) . The more intense compressional stress gave rise to a higher supply rate of coarse elastics and more prominent syndepositional folding within the basin (Takano, 2002) . Extremely remarkable spatial variation in the thickness in Unit A, which is accompanied with the growth of folds, suggests intense compression after 1 Ma.
We also suggest that the remarkable growth of the folds with localized strain concentration in the first area is stronger than that in the second area. Okamura (2003) suggested that fault-related folds and an imbricate thrust system were formed off Naoetsu. He also argued that the thrust system has developed by the stepwise growth of new thrust faults in front of the previously active thrust, which indicates that active deformation and seismogenic zones have migrated to the northwest as each new thrust has formed. Moreover, similar deformed structures, such as fault-related folds, have been identified near the source region.
A comparison of the aftershock distribution estimated by OBS observation (Shinohara et al., 2008) , which is located in the strongest deformed area (red arrows in Fig. 2) , and a depth section in Line S-2 of the hypocentral region of the 2007 Niigata-ken Chuetsu-oki earthquake revealed that most hypocenters were below the strong reflectors (orange arrows in Fig. 3) . Furthermore, aftershocks dipping east were distributed eastward to the asymmetrical anticline in CMP 7900 (green arrows in Fig. 3) . As a result, we suggest that past large earthquakes brought about tectonic stress in the deposits and that such stress caused the development of structures such as fault-related folds in the study area. To conduct a detailed study of the source fault of this earthquake, we need to acquire seismic reflection data across the source region. In addition, compared with the tectonic map around the eastern margin of the Japan Sea (dotted area in Fig. 1) of Okamura et al. (2007) , deformed structures of the first area (red arrows in Fig. 2 ) and the second area (blue arrows in Fig. 2 ) identified in this study indicate contraction deformation zones.
Conclusion
We examined the deformation structure in deposits and basements near the source region of the 2007 Niigata-ken Chuetsu-oki earthquake by seismic reflection imaging and interpretations based on available studies of stratigraphy, seismic characteristics, and well data. The growth of the folds was initiated by a compression field after the formation age of Unit C (after about 3.6 Ma). In particular, the deformation of sedimentary layers by the compression field has accelerated since the formation age of Unit B (after about 1.3 Ma). The growth of folds after about 1.3 Ma has been stronger in the eastern Toyama Trough area east of the Yoneyama-Ogi Uplifts than, in particular, at the western foot of the western Toyama Trough. Based on a comparison of the tectonic history of the tectonostratigraphic units in the Niigata-Shinetsu by Takano (2002) with the seismic interpretation in this study, Units B-C correspond to the tectonic inversion and incipient compression stage (6.5-1 Ma), and Unit A was formed during the intense compression stage (1 Ma-present). The very remarkable spatial variation in the thickness of Unit A, accompanied with the growth of folds, is thought to have been caused by intense compression after 1 Ma. A comparison of aftershock distribution by OBS observation (Shinohara et al., 2008) and a depth section of Line S-2 of the hypocentral region shows that most hypocenters were distributed below strong reflectors dipping east, suggesting that such past large earthquakes have brought about deformation in the deposits, such as faultrelated folds.
